Two new studies have identified a key protease responsible for sensing mitochondrial dysfunction, leading to the inactivation of the fusion GTPase OPA1. These studies have broad implications in mitochondrial quality control.
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The regulation of mitochondrial fusion has recently emerged as a critical factor in the exclusion of respiration-incompetent organelles, suggesting that the balance of fission and fusion is central to mitochondrial quality control [1] . Fragments of mitochondria that cannot generate or maintain their electrochemical potential become fusion-incompetent and are degraded through autophagy [1] . Mechanistically, it has been shown that uncoupling the mitochondrial membrane potential (DJ) leads to the cleavage of the GTPase OPA1, which is localised to the intermembrane space and is required for mitochondrial fusion [2] [3] [4] . This sounds rather simple, yet the story of OPA1 processing has been complicated, with many candidate proteases proposed to participate in this regulated OPA1 cleavage. Two recent studies published in the Journal of Cell Biology have resolved this issue by identifying a novel zinc metalloprotease called OMA1 as the essential DJ-dependent protease for OPA1 [5, 6] .
OPA1 is alternatively spliced, giving rise to eight variants that are expressed in a variety of patterns depending on the tissue [7] . The different splice variants possess either one or two cleavage sites, called S1 and S2 [3, 4] . Previous work has shown that OPA1 must be present in both long and short forms for fusion to proceed, with the balance of those forms being maintained by constitutive processing [8] . The S2 site is a substrate for the intermembrane space AAA (i-AAA) protease YME1L, and it is generally agreed that this protease cleaves OPA1 constitutively following mitochondrial import [3, 4] (Figure 1A ). Although there is some constitutive cleavage at the S1 site, which is common to all variants, this site is the primary target of regulated cleavage upon loss of DJ [3, 4] . In this case, or under conditions of low mitochondrial ATP levels or the presence of apoptotic signals, all long forms become cleaved at site S1, thereby disrupting the balance of long and short forms, abolishing mitochondrial fusion. The field has been searching for a convincing protease that mediates this regulated cleavage. A number of studies have suggested that various proteases, including PARL, paraplegin, and the AFG3L1/AFG3L1 mAAA protease complex, may be partly responsible [8] .
The uncertainty surrounding the protease that mediates regulated OPA1 cleavage has now been resolved with the new papers characterising the mammalian inner membrane protease OMA1. These two groups have independently discovered that the loss of OMA1 through silencing completely abolishes the regulated cleavage of OPA1 [5, 6] . In this way, the two new publications make it clear that OMA1 acts as a primary determinant of fusion competence. Mechanistically, however, the two studies focus on different aspects of how OMA1 activity may be regulated, and in this respect many questions are raised.
OMA1 is a zinc metalloprotease that spans the inner mitochondrial membrane with a number of predicted membrane spanning domains [9] . It has been most well characterized in yeast where it has overlapping activity with the matrix AAA (m-AAA) proteases (hence the name OMA1) [9] . The human orthologue of OMA1 (called MPRP-1) was originally mistakenly localized to the endoplasmic reticulum, where it went unnoticed since 2003 [10] . The current studies clearly demonstrate an exclusively mitochondrial localization of OMA1 [5, 6] . The mammalian orthologue described in these two new studies has evolved a long 170 amino acid extension at the amino terminus that may impact the topology in higher organisms [10] . It will be essential to establish the topology of this multispanning membrane protein biochemically, and to localize the catalytic site in order to better understand its regulation.
The role of the amino-terminal extension is highlighted in the study by Head et al. [5] , where they show that the 60 kDa precursor form of OMA1 is cleaved upon mitochondrial import to a 40 kDa mature form by an as yet unidentified protease. Upon dissipation of DJ, the 60 kDa form of OMA1 rapidly accumulated concomitantly with the cleavage of all OPA1 variants, prompting the authors to consider that the 40 kDa form of OMA1 may be the inactive form, with the 60 kDa form being the active enzyme. In this way, the ongoing import of newly synthesized OMA1 into the inner membrane upon collapse of DJ would facilitate active cleavage of OPA1 at the S1 site. Although it is possible to generate mutants or chimeras of model proteins whose import into the inner membrane may become less sensitive to dissipation of DJ, there are currently no known examples of endogenous protein import into the inner membrane that would be DJ independent [11] . Instead, the data presented by Head et al. [5] show the import of a 60 kDa precursor protein that is carbonate resistant, indicating membrane integration, and protease accessible, suggesting exposure to the cytosol. From this, we consider that the simplest interpretation of these data is that, upon mitochondrial dysfunction, the newly translated OMA1 may insert into the outer membrane, exposing the protease domain in the intermembrane space to cleave OPA1. Although this model is derived from the data presented by Head et al. [5] , the idea that polytopic membrane proteins may be differentially imported into the two mitochondrial membranes is obviously unprecedented and a great deal of experimentation is required to test this idea.
Additional mechanistic data were presented by the accompanying paper from the Langer group [6] , focusing on the role of the ATP-dependent m-AAA metalloproteases in regulating the activity of OMA1. Given that the presentation of these proteases to OPA1 in the yeast model system led to the processing of OPA1 from the long form into the short form [12] , the authors tested this potential function in the mammalian system. Surprisingly, their data reveal an opposite phenotype, in which the loss of the proteases instead activated the cleavage of OPA1 at the S1 site [6] . These data clearly indicate that the m-AAA proteases, although capable of cleaving OPA1 in a heterologous system, appear to negatively regulate OPA1 cleavage at the S1 site in mammalian cells. Importantly, although the m-AAA proteases have been linked to mitochondrial quality control [13] , the authors show that mitochondria lacking the m-AAA proteases under normal conditions are metabolically healthy. Therefore, the authors ascribe a direct function for the m-AAA proteases in the regulation of OPA1 cleavage, rather than an indirect effect due to global mitochondrial dysfunction.
To identify the protease activated upon loss of the m-AAA proteases, they looked to OMA1, shown in yeast to have overlapping functions with the m-AAA proteases [9] . Indeed, silencing OMA1 in cells lacking m-AAA proteases reversed their phenotypes and no OPA1 cleavage was observed [6] . So why does the loss of m-AAA proteases (A) Following mitochondrial import, short OPA1 isoforms are produced via the processing at site S2 by the i-AAA protease YME1L. Other short isoforms may be obtained by the cleavage at site S1, which is regulated by the tightly controlled OMA1 activity. Under conditions of mitochondrial dysfunction, OMA1 activity is upregulated, resulting in the cleavage of all OPA1 isoforms at site S1, which results in inhibition of mitochondrial fusion. (B) The different signals activating OPA1 could be integrated through the existence of a functional platform. Rings of prohibitins, associated with m-AAA proteases, would form a microdomain sequestering OMA1 from its substrates. Mitochondrial dysfunction would lead to the destabilization and/or disassembly of these platforms, releasing OMA1 to access its substrates in the rest of the inner membrane.
lead to the activation of OMA1 protease activity towards OPA1? Given previous work from the Langer lab, one model to potentially explain the results of Ehses et al. [6] would invoke the involvement of inner membrane lipid microdomains [14] . Prohibitins are inner membrane proteins thought to possess chaperone-like activity. These proteins are found in very large, megadalton complexes thought to function in the initiation of lipid microdomains, favouring the local assembly of functional platforms [15] . These functional platforms, which are enriched with prohibitin-binding partners, such as the m-AAA proteases, may sequester OMA1 to ensure its rapid cleavage and control the access of OMA1 to its substrates. Indeed, the bacterial homologues of OMA1 are highly catalytically active [16] , suggesting that OMA1 must be kept under tight, yet reversible, control. It is then conceivable that the loss of the m-AAA proteases may disrupt these platforms, thereby allowing OMA1 to become available to process OPA1 ( Figure 1B ). This would couple inner membrane disorganization with the inhibition of mitochondrial fusion, resulting in the elimination of the fragmented, disorganized organelle. Finally, the role of OMA1 in the regulated cleavage of OPA1 is an evolutionary twist on the simpler system in yeast for the cleavage of the OPA1 homologue Mgm1. In yeast, the rhomboid protease Rbd1/Pcp1 cleaves Mgm1 under conditions of high energy [17] . Under low ATP conditions, Mgm1 cannot be pulled across the import channel by the matrix chaperones and instead its translocation is arrested at the first hydrophobic domain, resulting in the accumulation of the long, uncleaved forms of Mgm1, thereby inactivating fusion. Rather than altering the topology of OPA1, it appears that the mammalian mitochondria survey their health through the altered topology and activity of the OMA1 protease. The integration of OMA1 into OPA1 cleavage appears to be missing in Drosophila melanogaster or Caenorhabditis elegans, suggesting that these organisms may regulate OPA1 processing in a manner homologous to yeast. Indeed, work in flies has shown a role for the rhomboid protease Rhomboid-7 in OPA1 cleavage [18] . It will be important in future work to uncover the functional implications for these different mechanistic pathways that regulate OPA1/Mgm1 cleavage. Behavioral Neurobiology: Leech Lust in the Lab Animals typically will not exhibit reproductive behaviors during invasive experimental manipulations. The demonstration of courtship-related impulse activity in isolated leech ganglia promises new opportunities to elucidate the neural basis of mating.
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Charles Darwin suggested that one sign of the intelligence of earthworms is their apparent obliviousness to their surroundings during copulation. ''Their sexual passion,'' he wrote, ''is strong enough to over come for a time their dread of light'', which they avoid instinctively at other times [1] . This single-minded focus during mating is not characteristic of most animals. Stereotypic courtship and mating behaviors are rarely elicited from
